Detection of retained microbubbles in carotid arteries with real-time low mechanical index imaging in the setting of endothelial dysfunction  by Tsutsui, Jeane M. et al.
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OBJECTIVES We sought to determine if intravenously injected microbubbles would be retained by the
carotid arteries (CAs) in the setting of endothelial dysfunction (ED) using a linear transducer
equipped with a low mechanical index pulse sequence scheme (PSS).
BACKGROUND Microbubbles normally pass freely through large and small vessels but are retained in regions
with ED. New high-frequency low mechanical index PSS can potentially be utilized to image
these retained microbubbles.
METHODS Intravenous albumin- and lipid-encapsulated microbubbles were administered in seven pigs
while imaging the CAs before and after a 20% intralipid infusion to induce hypertriglycer-
idemia. The degree of microbubble retention was quantified by measuring endothelial
acoustic intensity (AI) after clearance of free-flowing microbubbles. Microbubble adherence
was also evaluated after selective balloon injury of the CAs. The CA diameter responses to
acetylcholine were quantified.
RESULTS After induction of hypertriglyceridemia, adherence of albumin-encapsulated microbubbles
was visually evident in all CAs, and endothelial AI increased significantly (p  0.001
compared with baseline). The CA responses to acetylcholine went from vasodilation at
baseline to vasoconstriction during hypertriglyceridemia. Endothelial AI also increased in the
balloon-stretched vessels (p  0.01 compared with uninjured vessels) after albumin-
encapsulated microbubble injection, with a ring of microbubbles selectively adhering to the
injured segment. This retention was not observed with lipid-encapsulated microbubbles.
Scanning electron microscopy confirmed that albumin-coated microbubbles adhered to
endothelial cells.
CONCLUSIONS Retention of intravenously injected albumin microbubbles occurs in the setting of both global
and regional ED in large vessels and can be noninvasively imaged with high-frequency low
mechanical index PSS. (J Am Coll Cardiol 2004;44:1036–46) © 2004 by the American
College of Cardiology Foundationc
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dndothelial dysfunction (ED) is considered one of the
arliest events in the process of atherosclerosis (1) and is
ssociated with most cardiovascular risk factors, including
iabetes mellitus, hyperlipidemia, smoking, and hyperten-
ion (2–4). Endothelial dysfunction also appears to be the
rst identifiable functional abnormality observed with a
igh-fat diet, balloon- or stent-induced arterial injury,
eperfusion injury, or transplant rejection (5–8).
Because ED is an early reversible risk factor in the
evelopment of atherosclerosis, its identification is an im-
ortant clinical end point. Current methods for detecting
D are the evaluation of endothelium-dependent, flow-
ediated dilation, or response to an endothelium-
ependent vasodilator infusion, usually assessed by ultra-
ound or plethysmography of the brachial artery (5,6). It is
nown that in patients with coronary artery disease there is
orrelation between impaired endothelium-dependent vaso-
ilation in the brachial artery and the presence of ED in the
From *Section of Cardiology, University of Nebraska Medical Center, Omaha,
ebraska; †Department of Pathology, University of Nebraska Medical Center,
maha, Nebraska; and ‡Siemens Medical Solutions, Mountain View, California.
imited grant support was provided by Acuson-Siemens, Mountain View, California.
Manuscript received March 30, 2004; revised manuscript received May 13, 2004,occepted May 18, 2004.oronary arteries (7). However, a noninvasive direct method
o visualize ED has not been developed.
Intravenously injected perfluorocarbon-filled micro-
ubbles are currently indicated for the improvement of
ndocardial border resolution. These microbubbles exhibit
heologic properties similar to those of red blood cells and
ormally pass freely through the large and small vessels (8).
owever, several investigators have demonstrated that mi-
robubbles are retained in the microvasculature when ED
xists (9–12). It is unknown whether regional or global
rterial ED would also result in retention of these
icrobubbles.
One of the major limitations for imaging a small number
f microbubbles retained along the endothelial border is
hat they are easily destroyed by the interrogating beam.
owever, a new low mechanical index pulse sequence
cheme (PSS) has been developed which is sensitive enough
o detect nonlinear behavior from small numbers of micro-
ubbles with minimal destruction while simultaneously
anceling background linear signals from tissue (13). In this
tudy, we utilized a high-frequency version of this PSS to
etermine whether endothelial retention of microbubbles
ccurs with regional or global arterial ED.
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nimal preparation. The study was approved by the In-
titutional Animal Care and Use Committee of the Univer-
ity of Nebraska Medical Center and conformed to the
osition of the American Heart Association on Research
nimal Use. Nine pigs weighing 36  2 kg were sedated,
ndotracheally intubated, and placed under general anesthe-
ia using isoflurane. In each animal, 7-F catheters were
laced in both femoral veins for administration of micro-
ubbles and intralipid emulsion and for withdrawal of blood
amples. Both femoral arteries were also cannulated for
emodynamic monitoring and for placing an 8-F guide
atheter into the proximal left carotid artery (CA). All pigs
ere treated with 40 mg of Ketorolac intravenously to
revent pulmonary hypertensive responses to microbubbles,
hich occur exclusively in this species (14), and ventilated
ith supplemental oxygen during the microbubble
njections.
valuation of endothelial function. Endothelial function
as evaluated by measuring the responses of the diameter of
he CAs to intra-arterial infusion of the endothelium-
ependent vasodilator acetylcholine. Local infusions of ace-
ylcholine normally result in either no change in vessel
iameter or mild vasodilation, whereas abnormal responses
roduce endothelin-mediated vasoconstriction (15). Longi-
udinal sectional images of the vessel were obtained with a
tandard 7-4 MHz linear transducer (HDI 5000, Philips
edical Systems, Bothell, Washington) at a mechanical
ndex of 0.8. After adequate transcutaneous imaging of the
A with this transducer, the skin overlying the vessel was
arked to permit monitoring of the vessel at one constant
ocation. Also, a radiopaque marker was positioned at this
ite to permit its adequate identification by angiography.
he CAs were scanned longitudinally, and their diameters
ere measured from two-dimensional images, from the
nterior to the posterior inner borders of the vessels at
nd-diastole, coincident with the R wave on a continuously
ecorded electrocardiogram. Mean flow velocity was ob-
ained with pulsed Doppler by placing the sample volume in
he center of the artery. The average of three cardiac cycles
as used for analysis.
After baseline CA measurements, acetylcholine was in-
used to achieve estimated intra-arterial concentrations of
07 and 106 mol/l, at 10-min intervals through the 8-F
Abbreviations and Acronyms
AI  acoustic intensity
CA  carotid artery
ED  endothelial dysfunction
PESDA  perfluorocarbon-exposed sonicated dextrose
albumin
PSS  pulse sequence scheme
ROI  region of interest
SEM  scanning electron microscopyatheter. The flow in the CA obtained by ultrasound was tsed to determine the molar concentrations of acetylcholine
o be infused, as follows:
Q (ml/min)MAch 182 g Ach/mol/l 1.0 min/ml
 grams of acetylcholine to be placed in 1, 000 ml of
normal saline solution when infusing at 1.0 ml/min
here 1.0 ml/min was the infusion rate for acetylcholine;
 CA flow calculated by the product of CA area and
ean velocity; and MAch  molar concentration of acetyl-
holine desired (mol/l) (16).
The response of CA diameter to acetylcholine was
onsidered as the highest variation from baseline during the
07 or 106 mol/l infusion.
arotid imaging of retained microbubbles. The evalua-
ion of both albumin- and lipid-encapsulated microbubble
ransit in the CAs was performed with a novel 15L8 linear
rray transducer equipped with a low mechanical index PSS
Contrast Pulse Sequencing; Siemens Acuson Sequoia,
ountain View, California) operating at 7 MHz. This
echnique transmits pulses of alternating polarity and am-
litude to detect nonlinear responses from microbubbles
hile simultaneously canceling the linear responses from
issue (13).
Perfluorocarbon-exposed sonicated dextrose albumin
PESDA) microbubbles were injected as a bolus of 0.5 ml
ollowed by a 10-ml saline flush into the femoral vein. The
ESDA was prepared according to the method previously
escribed (17). Briefly, a mixture of three parts 5% dextrose
nd one part 5% human serum albumin (total, 16 ml) was
dded to 8 ml decafluorobutane gas, hand-agitated, and
hen sonicated with an electromechanical sonicator (Heat
ystems Inc., Farmingdale, New York) for 70  5 s. The
esulting microbubble size by hemocytometry was 4.6 0.4
m, and mean concentration measured by a Coulter counter
as 1.4  109 bubbles/ml.
Lipid-encapsulated microbubbles (Definity; Bristol-
yers Squibb Medical Imaging Inc., North Billerica, Mas-
achusetts) were injected as a bolus of 0.05 ml followed by
10-ml saline flush into the femoral vein. Definity micro-
ubbles are composed of octafluoropropane gas encapsu-
ated in a lipid shell with a polyethylene glycol spacer on its
urface that inhibits any complement bound to the micro-
ubbles from binding to the vascular endothelium (18,19).
he reported diameter of Definity is 1.1 to 3.3 m, and the
ean concentration is 1.2  1010 bubbles/ml. Therefore,
e reduced the dose of Definity microbubbles 10-fold to
atch the concentration of PESDA microbubbles injected.
Carotid arteries were imaged in both the transverse and
ongitudinal sectional views, in the same position used for
he evaluation of diameter responses to acetylcholine. The
epth, power output, gain, and compression settings were
nitially adjusted to obtain adequate detection of the micro-
ubbles by real-time imaging and kept constant throughout
he examination. The mechanical index used was 0.3, and
he frame rate was 24 Hz. Retained microbubbles were
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Detection of Retained Arterial Microbubbles September 1, 2004:1036–46efined qualitatively as microbubbles adherent to the arterial
all which persisted in one location at the vessel luminal
order late after injection. Examinations were recorded on
ideotape, and the images were digitally stored for subse-
uent analysis.
Quantification of the contrast acoustic intensity (AI) was
erformed by analyzing digitally acquired cine loops with
uantitative contrast software (CUSQ 1.3, Siemens Acuson,
ountain View, California). Transverse sectional views of
he CAs were used for this analysis. To determine the AI of
icrobubbles retained to the arterial endothelium, we per-
ormed a simultaneous quantification of the entire lumen AI
nd the central lumen AI. The endothelial AI was defined
s the difference between the entire lumen AI minus the
igure 1. (A) Example of the region of interest (ROI) used for the measu
entral lumen (yellow line). (B) Two-dimensional (2D) imaging of a norm
efore intravenous microbubbles (MB) injection showing no backgroun
pacification, and late after MB injection showing few MB in the central
ean AI in both the entire lumen ROI and the central lumen ROI. The la
f endothelial AI, defined as the difference between the mean entire lumeentral lumen AI (Fig. 1A). fQuantification of the entire lumen AI (encompassing the
ndothelial border and central lumen) was obtained by
lacing a region of interest (ROI) just inside the lumen
order on the transverse carotid image, thus avoiding the
nalysis of contrast signals coming from the vasa vasorum. A
econd ROI, with a diameter 20% smaller than the larger
OI, was then placed in the central lumen of the vessel (Fig.
A). The mean AI of both ROI was measured simulta-
eously. For each sequence of images at baseline, post
ntralipid infusion and post balloon injury, 50 consecutive
rames in the late period following microbubble injections
fter clearance of free-flowing microbubbles were analyzed
Fig. 1B). A typical bolus injection of microbubbles resulted
n a 20- to 25-s period of complete vessel opacification,
ts of contrast acoustic intensity (AI) of the entire lumen (white line) and
rotid artery in the transverse view and with pulse sequence scheme (PSS)
aging, early after MB injection showing the complete luminal vessel
. The time-intensity curve demonstrates the typical quantification of the
frames after clearance of free-flowing MB were chosen for the calculation
minus the central lumen AI (see text for details).remen
al ca
d im
lumen
te 50
n AIollowed by a washout period. Therefore, the sequence of
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September 1, 2004:1036–46 Detection of Retained Arterial Microbubblesrames chosen for quantification of endothelial AI was
nitiated 30 s after the first detection of microbubbles in the
A. Endothelial AI was expressed as the mean difference
etween the entire lumen AI and the central lumen AI in
he 50 analyzed frames. The results of AI were expressed in
nits (range 0 to 100).
tudy protocol. PHASE I: INDUCTION OF HYPERTRIGLYC-
RIDEMIA. This portion of the study involved seven pigs.
fter baseline microbubble injections and measurements of
ndothelial function, transient hypertriglyceridemia was in-
uced by a continuous intravenous infusion of 20% in-
ralipid (Fresenius Kabi Clayton, L.P., Clayton, North
arolina), at a rate of 0.3 ml/kg/min, for 20 min (5,20).
easurements of serum levels of triglycerides and choles-
erol were performed before and after intralipid infusion. In
similar way, the serum levels of complement (C3) were
easured at baseline, before and after microbubble injec-
ion, and again during hypertriglyceridemia. The CA re-
ponses to intra-arterial acetylcholine infusion, and imaging
f CAs after albumin- and lipid-encapsulated microbubble
njections, were repeated 30 min after intralipid infusion.
hree pigs were euthanized at this phase of the study for
canning electron microscopy (SEM) verification of micro-
ubble binding.
Serum was also obtained before and after induction of
ypertriglyceridemia for flow cytometry, to determine
hether hypertriglyceridemia influenced serum complement
ttachment to the microbubble surface. For this procedure,
.7  109 PESDA microbubbles were combined with 0.5
l of pig serum, incubated at 37°C for 5 min, and washed
wice. The serum-exposed microbubbles were then com-
ined with anti-human C3b murine monoclonal antibody
Gamma Biologicals Inc., Houston, Texas) for 20 min,
ashed twice, and subsequently combined with a
-phycoerythrin conjugated secondary antibody (Becton
ickinson Pharmigen, San Jose, California) for 20 min.
liquots of 0.7  109 PESDA microbubbles were also
ncubated with immunoglobulin G control antibody (Alpha
iagnostic, San Antonio, Texas) and R-phycoerythrin con-
ugated secondary antibody, or only with R-phycoerythrin
onjugated secondary antibody. Microbubbles were then
nalyzed on a FACSCalibur (Becton Dickinson, San Jose,
alifornia) to generate graphs of red fluorescent intensity.
HASE II: BALLOON-STRETCHING OF THE CAS. This por-
ion of the study involved six pigs. After a single intravenous
olus of heparin (100 USP U/kg), baseline carotid angiog-
aphy was performed using injections of iohexol 300 (Om-
ipaque; Nycomed, Princeton, New Jersey), and the vessel
iameter was determined with a manual caliper. A 40- to
0-mm segment of the left CA was stretched using an
versized balloon dilation catheter (Guidant, Advanced
ardiovascular Systems, Temecula, California) that mea-
ured 140% of baseline angiographic vessel diameter, as
reviously described (14). In one pig there was dissection
nd occlusion of the left CA during the procedure. Dilation
f the right CA was subsequently performed and used for bnalysis. In the remaining five pigs, the uninjured right CA
erved as control.
Intravenous PESDA and Definity injections were re-
eated for imaging of microbubble transit in both the
alloon-injured and the control CAs within 1 h of arterial
njury. The CA responses to local acetylcholine infusions
ere also re-evaluated. At the end of the protocol, the pigs
ere euthanized, and sections of both CAs were analyzed by
EM. In five of these pigs, a final 0.5-ml, albumin-
ncapsulated microbubble injection was performed without
ny ultrasound imaging 15 min before the pigs were
uthanized.
ATHOLOGIC ANALYSIS OF THE CA. The balloon-injured,
ypertriglyceridemic, and control CAs were excised, washed
n 0.9% saline solution, and fixed in 10% formalin for a
inimum of 24 h. Histologic analysis was performed in
ections of these vessels to assess the extent of injury. For
EM, the CAs were longitudinally sectioned and dehy-
rated through a series of ethanol concentrations increasing
rom 50% to 100%. The specimens were then immersed in
reon 113, critical point dried, mounted on aluminum
tubs, and sputter-coated with gold (Polaron E5100, Pol-
ron Inc., Watford, United Kingdom).
To determine the appearance of microbubbles by SEM,
e also evaluated an in vitro preparation of PESDA. The
icrobubbles were fixed in 10% formalin, placed over a
.22-m Millipore filter (Millipore Corporation, Bedford,
assachusetts), and submitted to the same processing as
escribed for the CA specimens. Scanning electron micros-
opy was performed using a Philips 515 system (Philips
nc., Eindhoven, the Netherlands).
tatistical analysis. Continuous data are expressed as mean
SD. Comparisons of endothelial AI before and after
rocedures were performed by a paired t test. The CA
iameter responses to acetylcholine infusion were compared
y a Wilcoxon signed rank test. An unpaired t test was used
or the comparison of endothelial AI in the balloon-injured
nd control vessels. Triglyceride and cholesterol levels at
aseline, immediately after intralipid infusion, and 2 h after
ntralipid infusion were compared by repeated measures
nalysis of variance. A p value 0.05 was considered
tatistically significant.
ESULTS
omplement binding to microbubbles. Flow cytometry
evealed complement binding to PESDA microbubbles in
he presence of pig serum, which did not occur with the
ontrol antibody or with the anti-mouse secondary antibody
lone (Fig. 2, curves A and B). The binding of anti-human
3b to PESDA microbubbles was increased during hyper-
riglyceridemia, expressed as a shift of the mean fluorescent
ntensity curve to the right (Fig. 2, curves C and D).
erum triglyceride and complement levels. Serum tri-
lyceride and cholesterol levels were low in all pigs at
aseline. Intralipid infusion resulted in a significant increase
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Detection of Retained Arterial Microbubbles September 1, 2004:1036–46n the serum triglyceride levels, returning to near baseline
alues at 2 h after infusion. No significant change was
bserved in the cholesterol measurements.
Complement levels were normal in all pigs at baseline and
emained unchanged after microbubble injection. However,
uring hypertriglyceridemia there was a significant increase
n the serum levels of complement C3 (Table 1).
A response to acetylcholine. The CA response to the
cetylcholine at baseline was vasodilation, reflecting normal
ndothelial function, in all but one pig in which a vasocon-
trictive response was obtained. The presence of ED in the
emaining pigs after intralipid infusion was confirmed by
he CA response to acetylcholine, which went from vaso-
igure 2. Example of flow cytometry showing histograms of red fluorescent
ncubated with R-phycoerythrin–labeled control monoclonal antibody
-phycoerythrin–labeled monoclonal antibody to complement C3b, bot
icrobubbles and anti-human C3b in the presence of serum drawn in th
eflecting an increase in the mean fluorescent intensity.
Table 1. Lipid and Complement Levels at Bas
Baselin
Before MB
Triglyceride (mg/dl) 13 7
Total cholesterol (mg/dl) 72  11
Complement C3 (mg/dl) 5  3
*p  0.05 compared with baseline and 2 h later. †p  NS
baseline. Values are mean  SD.MB  microbubble.ilation at baseline to vasoconstriction during hypertriglyc-
ridemia (p  0.024) (Fig. 3A). In a similar way, a
asoconstrictive response to intra-arterial infusion of acetyl-
holine was also observed in the balloon-injured CAs (Fig.
B).
There were no significant differences in the arterial blood
ressures or heart rates between baseline, post-intralipid,
nd post-dilation conditions.
arotid imaging of retained microbubbles. A clear visu-
lization of the PESDA and Definity microbubble transit in
eal time was obtained by imaging the CAs with the
-MHz contrast pulse sequencing PSS. No visually evident
etention of microbubbles to the arterial endothelium was
sity for perfluorocarbon-exposed sonicated dextrose albumin microbubbles
with R-phycoerythrin anti-mouse alone (B), and with serum and
baseline (C) and after intralipid infusion (D). Note that incubation of
ting of hypertriglyceridemia resulted in a shift of the curve to the right,
and Post-Intralipid Infusion
Post-Intralipid 2 h Laterter MB
— 442  334* 27  28
— 82  17 77 8
 1† 16  3‡ —
ared with before MB injection. ‡p  0.05 compared withinten
(A),
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September 1, 2004:1036–46 Detection of Retained Arterial Microbubblesetected late (30 s) after PESDA injections at baseline,
xcept in the pig that exhibited a vasoconstrictive response
o acetylcholine. In this pig, retention of PESDA micro-
ubbles to the arterial endothelium could be observed
pig 4) (Fig. 4).
After induction of hypertriglyceridemia, imaging of both
ight and left CAs before microbubble injections was
erformed and confirmed no background signals emanating
rom the endothelium. After intravenous PESDA injection,
icrobubble retention to the arterial endothelium was
vident in both CAs of all pigs. This microbubble retention
ppeared as numerous bright, circular densities creating a
ing of enhancement around the vessel (Fig. 4).
Visual adherence of PESDA microbubbles to arterial
ndothelium was also observed in all balloon-injured CAs
nd in none of the control vessels (Fig. 5, Video 1). This
etention of microbubbles to the arterial endothelium,
owever, was not observed with Definity microbubbles,
ither during hypertriglyceridemia or after balloon injury of
he CAs.
ndothelial AI quantification. After intralipid infusion, a
igure 3. Carotid artery (CA) diameter response to intra-arterial infusion
f acetylcholine, at baseline and during hypertriglyceridemia (A) and after
A balloon injury (B). Carotid response went from vasodilation at baseline
o vasoconstriction after intralipid infusion and also after balloon injury,
onfirming the presence of endothelial dysfunction in both conditions.ignificant increase in the endothelial AI was measured in all iAs after PESDA injection, except in the right CA of the
ig in which microbubble adherence to the CA wall was
etected even at baseline. Baseline endothelial acoustic
ntensities were less than zero owing to residual micro-
ubbles in the central portion of the lumen. The mean
ndothelial AI measured late after PESDA injections in-
reased by 1.1  1.2 U during hypertriglyceridemia (p 
.001) (Table 2). However, there was no difference in the
ndothelial AI after intravenous Definity when comparing
aseline (1.09 1.03 U) and hypertriglyceridemia (1.05
1.05 U; p  0.56). Figure 6 is an illustrative example of
ime-intensity curves obtained after intravenous PESDA
nd Definity microbubble injections during hypertriglycer-
igure 4. Transverse sectional images of carotid arteries obtained with low
echanical index real-time pulse sequence scheme at baseline (panels at
eft) and during hypertriglyceridemia (panels at right). Note that at
aseline there was some adherence of microbubbles to the endothelium
nly in pig 4 (arrow) and no adherence in the other pigs. After intralipid
nfusion, we can see microbubbles adherence to the endothelium consti-
uting an echogenic ring around the vessel lumen in all pigs.demia. The analysis of the curves in the late period after
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Detection of Retained Arterial Microbubbles September 1, 2004:1036–46ESDA injection demonstrates that the entire lumen AI
as higher than central lumen AI, resulting in a positive
alue of mean endothelial AI. After Definity injection, the
entral lumen AI was slightly higher than the entire lumen
I at the same time interval, with a resulting negative value
f endothelial AI.
The endothelial AI after PESDA microbubble injections
n the balloon-injured vessels (0.68  1.28 U) was
ignificantly higher than the endothelial AI in the control
As (0.53  0.98 U; p  0.01). No difference in the
ndothelial AI between these two CAs (balloon-injured vs.
ontralateral control) was observed with intravenous Defin-
igure 5. Pulse sequence scheme imaging showing microbubble retention
o the endothelium in the carotid arteries (CAs) submitted to balloon-
tretching (at left) and absence of retention in the contralateral control
essels (at right). In pig 5, the left CA was initially dissected, and the right
A was then submitted to the balloon dilation and considered for analysis.
n this pig, the control demonstrated in the figure is the baseline imaging
efore dilation of the vessel. For an accompanying video corresponding to
igure 5 (Video 1), please see the September 1 issue of JACC at
ww.cardiosource.com/jacc.html.ty (Table 2). (EM. Histologic analysis demonstrated preserved endo-
helium in the balloon-injured CAs, with minimal endo-
helium denudation, and no other damage in the media or
dventitia layers.
The results of in vitro studies confirmed that micro-
ubbles fixed with 10% formalin were stable and survived
he SEM processing. When examined under SEM, micro-
ubbles were characterized as a less electron-dense struc-
ure, with sizes ranging from 1 to 5 m, spherically shaped
differentiating them from the biconcave-shaped erythro-
ytes), and not exhibiting any of the surface characteristics
f hematopoietic cells, such as microvilli or microridges
Fig. 7). These criteria were then used to differentiate the
icrobubbles from red blood cells or endothelial protusions
n the CA specimens.
Scanning electron microscopy of CAs demonstrated ev-
dence of endothelial stretching with minimal denudation in
ll balloon-dilated vessels, and normal-appearing endothe-
ium in the control vessels. Denudation of the endothelial
ayer was observed in 5% of the scanned regions of the
njured CAs. However, microbubbles were attached to both
he denuded areas and the endothelial cells within the stretched
egments (Fig. 8A) and were not found in the normal control
essels (Fig. 8B). Scanning electron microscopy also confirmed
he presence of microbubbles attached to the otherwise
ormal-appearing arterial endothelium of all three pigs eutha-
ized during hypertriglyceridemia (Fig. 9).
ISCUSSION
n this study, we were able to detect and quantify micro-
ubble adherence to dysfunctional endothelium using a
igh-resolution low mechanical index PSS. Using this low
echanical index prevented microbubble destruction and
hus minimized any possible damage to the endothelium
aused by the ultrasound. Dysfunctional endothelium of the
As was induced globally by transient hypertriglyceridemia,
nd then regionally with balloon injury. In both settings,
D in the CAs was confirmed by a vasoconstrictive re-
ponse to intra-arterial acetylcholine. The retained micro-
ubbles were seen only in CAs that exhibited abnormal
ndothelial vasomotion.
The term “endothelial dysfunction” refers to a broad
lteration in the endothelial phenotype that may lead to the
evelopment of atherosclerosis (21). Both traditional and
ewly recognized cardiovascular risk factors initiate a
hronic inflammatory process that is accompanied by a loss
f endothelium-dependent vasodilatory and anti-
hrombotic properties. Current diagnostic tests designed to
etect ED have centered around the detection of abnormal-
ties in nitric oxide production. However, more recent
bservations have emphasized the anti-inflammatory prop-
rties of the endothelium, and that inflammatory markers
uch as C-reactive protein may be a mediator in the
asoconstrictive response to agents such as acetylcholine
22). Microbubble binding to endothelium has been con-
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September 1, 2004:1036–46 Detection of Retained Arterial Microbubblesistently associated with increased endothelial expression of
nflammatory markers (9–11). This inflammation process
ppears to play a role in the downregulation of nitric oxide
Table 2. Values of Endothelial Acoustic Inten
Hypertriglyceridemia, and After Balloon-Stretc
and Lipid-Encapsulated Microbubble Injection
Baseline Post-Intr
PESDA
Mean 0.90  0.84 0.23 
Range 1.29 to 0.68 0.50 to
Definity
Mean 1.09  1.03 1.05 
Range 2.21 to 0.23 1.54 to
*p  0.001 compared with baseline; †p  0.01 compared w
CAs  carotid arteries; PESDA  perfluorocarbon-expo
igure 6. Example of time-intensity curve showing the difference between
umen (gray line) regions (A), and transverse images of carotid artery
ypertriglyceridemia (B). Note the retention of PESDA MB around the ve
ESDA MB injection (arrow) demonstrates a resulting positive value of mumen AI was slightly higher than the entire lumen AI with a resulting negativynthase and augmentation of endothelium-derived vaso-
onstrictor production (22). Thus, microbubble adherence
ould indicate the presence of inflammatory markers that
xpressed in Units, at Baseline, During
of the Carotid Arteries Following Albumin-
Stretched CAs Control CAs
0.68  1.28 0.53  0.98†
0.09 to 2.31 1.11 to 0.06
1.16  0.99 1.20  1.04
8 1.60 to 0.44 1.63 to 0.59
etched CA. Values are mean  SD.
icated dextrose albumin.
ean acoustic intensity (AI) of the entire lumen (dark line) and the central
PESDA and Definity microbubbles (MB) injection in the setting of
not seen with Definity. Amplification of the curves in the late period after
ndothelial AI. On the other hand, after Definity MB injection the centralsity, E
hing
s
alipid
1.03*
0.80
1.05
0.4
ith strthe m
after
ssel,
ean ee value of endothelial AI.
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ppropriate vasodilator responses.
This study is the first to demonstrate direct visualization
f microbubble binding to dysfunctional endothelium in-
uced by both a local arterial injury and systemic hypertri-
lyceridemia. Others have demonstrated in animal models
hat microbubbles specifically targeted to adhesion mole-
igure 7. The PESDA microbubbles fixed with formalin and examined u
A) low magnification (bar  10 m; magnification 1,420) and (B)
icrobubbles were characterized as less electron-dense structures of diffe
ematopoietic cells.
igure 8. High magnification (bar 10 m; magnification 1,420) scanni
ndex pulse sequence scheme (PSS) images (right panels). Panel A demo
SS in the left injured carotid artery, and Panel B reveals the absence of
icroscopy revealed sites of injury with endothelial denudation and attachnjured vessel (A) and normal-appearing endothelium in the control vessel (B).ules may be necessary to concentrate retained microbubbles
n sufficient quantity that they could be visualized with
ltrasound (11,12). Our success with nontargeted micro-
ubbles most likely results from the sensitivity of the
ontrast pulse sequence imaging scheme in detecting even
ow concentrations of microbubbles and from the use of a
igher frequency transducer, which permitted a higher axial
scanning electron microscopy (SEM) using a 0.22-m Millipore filter, at
magnification (bar  10 m; magnification 7,400). Under SEM the
izes, spherically shaped and not exhibiting any other surface features of
ctron microscopy pictures (left panels) and their respective low mechanical
es the presence of retained microbubbles in the endothelium detected by
obubbles in the endothelium in the control right side. Scanning electron
of microbubbles (black arrows) to the denuded endothelium only in thender
high
rent sng ele
nstrat
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lane.
etection of both global and regional ED using intra-
enous microbubbles. Endothelial dysfunction has been
bserved with transient hypertriglyceridemia induced by an
ntravenous or oral fat load (23,24). In our study, the
resence of hypertriglyceridemia resulted in albumin-
ncapsulated microbubble retention in anatomically
ormal-appearing CAs. These data indicate that exposure
f interstitial matrix beneath the endothelium is not neces-
ary for binding. We also observed direct binding of
lbumin-encapsulated microbubbles to intact endothelial
ells within the balloon-injured segment of the CAs. Others
ave observed albumin- and lipid-encapsulated microbubble
inding to activated neutrophils and monocytes along the
nflamed or injured venular endothelial surface (25,26). The
bsence of such an observation in our study by SEM
ndicates that a direct interaction between an endogenous
eceptor on the endothelial cell surface and the microbubble
esulted in binding. The only known molecule within serum
hich binds to untargeted microbubbles is complement
18). An increase in complement receptor density has been
bserved with acute endothelial injury induced by hypoxia,
esulting in increased C3b deposition (27). The C3 levels
re augmented with both acute and chronic elevations in
erum triglycerides (28,29). With hypertriglyceridemia, the
ncreased complement on the surface of the microbubbles
ould have increased their binding to complement receptors
lready on the surface of endothelial cells (30). This would
lso explain why the lipid-encapsulated microbubbles did
ot appear to bind in this same setting. Although they also
ake up complement within serum, they contain a polyeth-
lene glycol spacer that prevents complement-mediated
inding to the endothelium (18).
tudy limitations. The ring of contrast enhancement
round the vessel lumen during hypertriglyceridemia and
fter balloon injury was considered to reflect retained
icrobubbles to the arterial endothelium. One could argue
igure 9. Scanning electron microscopy of carotid artery of a pig eutha
agnification 462) and (B) high magnification (bar  10 m; magnifica
ormal endothelium (arrows).hat this signal could be coming from microbubbles flowing through the vasa vasorum in the arterial wall. However, we
id not observe any increase in endothelial AI after lipid-
ncapsulated microbubbles in any of these situations. Al-
hough the Definity microbubbles were smaller, they still
roduced excellent vessel lumen opacification and would be
xpected to produce an increase in signal from the vasa
asorum. Secondly, we utilized the outline from the com-
lete opacification of the border between lumen and endo-
helium early after injection of microbubbles to differentiate
he bubbles present in the vessel lumen from those in the
mmediate peri-luminal area. This also allowed us to put the
OI exactly inside the vessel lumen for quantification of AI.
It has already been demonstrated that the acoustically
riven diffusion of gas from the microbubbles is a slower
echanism of bubble destruction, and the rate of this
iffusion increases during insonation even when using a low
echanical index. This produces changes in the micro-
ubble diameter on the time scale of the acoustic pulse
ength (31) and may have caused some microbubble destruc-
ion even with the low mechanical index PSS used in this
tudy. This may have prevented the accurate quantification
f the number of adherent microbubbles in our study. As
he mean size of Definity microbubbles is smaller than
ESDA, acoustically driven diffusion from these micro-
ubbles may have resulted in a more rapid loss of signal, and
layed a role in our observation that retention of micro-
ubbles to the arterial endothelium was not detected after
efinity injections.
The low endothelial AI values that we observed reflect
he small retention fraction of microbubbles that actually
dhere to the dysfunctional endothelium. However, the
alues of endothelial acoustic intensities under resting con-
itions were all less than zero, indicating that even late after
njection there is still a slightly greater AI from a few
esidual bubbles in the central lumen. Furthermore, the
ean value and range of values for endothelial AI remained
ess than zero at all stages of the study for intravenous
efinity. However, the values for intravenous PESDA in
during hypertriglyceridemia at (A) low magnification (bar  0.1 mm;
,420) showing the presence of microbubbles attached to the structurallynized
tion 1he setting of balloon-induced ED all ranged greater than
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etained microbubbles and quantify a significant change in
I despite the low retention fraction of microbubbles to the
ndothelium.
Although we observed microbubble retention with acute
ypertriglyceridemia in this animal model, we do not know
f a similar phenomenon would be observed in humans with
hronic or acute hyperlipidemia. Further investigation in
his area is necessary.
ONCLUSIONS
high-frequency linear transducer with a contrast-sensitive
SS was able to image retention of albumin-encapsulated
icrobubbles in dysfunctional carotid arterial endothelium.
lthough ED during transient hypertriglyceridemia had
lready been demonstrated by indirect measurement of
asoreactivity of the brachial artery by ultrasound, this is the
rst study to visualize retained arterial microbubbles in the
etting of ED. Given the critical role of ED and inflamma-
ion in the pathogenesis of atherosclerosis and its close
elationship with acute coronary syndromes, the detection of
ndothelial microbubble retention in vivo after intravenous
njection of microbubbles could be a powerful clinical tool to
dentify the presence of vascular inflammation and serially
ollow it during treatment.
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